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A B S T R A C T 
A review of the experimental data for natC(n,y) and 12C(n,y) was made to identify the origin of the natC 
capture cross sections included in evaluated data libraries and to clarify differences observed in neutronic 
calculations for graphite moderated reactors using different libraries. The performance of the JEFF-3.1.2 
and ENDF/B-VII.l libraries was verified by comparing results of criticality calculations with experimental 
results obtained for the BR1 reactor. This reactor is an air-cooled reactor with graphite as moderator and 
is located at the Belgian Nuclear Research Centre SCK«CEN in Mol (Belgium). The results of this study con-
firm conclusions drawn from neutronic calculations of the High Temperature Engineering Test Reactor 
(HTTR) in Japan. Furthermore, both BR1 and HTTR calculations support the capture cross section of 12C 
at thermal energy which is recommended by Firestone and Révay. Additional criticality calculations were 
carried out in order to illustrate that the natC thermal capture cross section is important for systems with 
a large amount of graphite. The present study shows that only the evaluation carried out for JENDL-4.0 
reflects the current status of the experimental data. 
1. Introduction 
The results of criticality calculations for graphite moderated 
reactors are strongly influenced by the neutron induced capture 
reaction cross section on carbon that is used in the neutronic 
calculations. This has been demonstrated by the neutronic 
calculations done for the High Temperature Engineering Test 
Reactor (HTTR) in Japan, carried out by Goto et al. (2006, 2011). 
In Goto et al. (2011), criticality calculations for different numbers 
of loaded fuel columns of the HTTR core were performed using 
different cross section data libraries. Substantial differences were 
observed between the effective multiplication factor, feeff. The 
neutron capture cross section for carbon at thermal energy 
included in each library was pointed out as the main source of 
these differences. The calculated values for feeff were compared 
with experimental data obtained by Nojiri et al. (2004). The best 
agreement with experimental data was obtained using JENDL-4.0 
(Shibata et al., 2011). In JENDL-4.0, the thermal capture cross 
section for carbon was changed to 3.86 mb based on the 
recommendation made by Firestone et al. (2008). This value is 9% 
larger than the value inJENDL-3.3 (Shibata et al., 2002) and 15% 
larger than those in ENDF/B-VII.O (Chadwick et al., 2006) and 
JEFF-3.1.2 (Santamarina et al., 2009). 
In this work, the performances of the JEFF-3.1.2 and the ENDF/ 
B-VII.l (Chadwick et al., 2011) libraries were compared for the BR1 
reactor, an air-cooled reactor with graphite as moderator located at 
the Belgian Nuclear Research Centre SCK»CEN in Mol (Belgium). 
Since we observed a rather large difference in feeff, we decided to 
perform an in-depth study in order to find out the origin of the dis-
crepancy. It quickly became apparent that the choice of the evalu-
ated cross section for graphite was the source of the difference and 
required more analysis. 
To clarify the discrepancies between the results obtained using 
different evaluated nuclear data libraries, the experimental and 
recommended data for the thermal capture cross section of natC 
and 12C were reviewed. The results are summarised in Section 2. 
In Section 3, the results of the criticality calculations for the BR1 
reactor are reported and compared with experimental data. Finally, 
we present results of additional criticality calculations for other 
graphite systems. 
Table 1 
Cross section data for the thermal neutron induced capture reaction on carbon found in the literature. The data are grouped by the measurement method that was applied. The 
uncertainties as quoted in this paper are given in brackets. The italic values indicates the value which is reported in the reference. The other value is calculated using the ratio 
natC(nft,Y)/,2C(nft,y) = 0.99345. 
ID 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
Reference 
Firestone and Révay (2011 ) 
Matsue and Yonezawa (2004) 
Jurney et al. (1982) 
Prestwich et al. (1981) 
Jurney and Motz (1963) 
Nichols (1960) 
Koechlin et al. (1957) 
Muehlhause et al. (1957) 
Sagot and Tellier (1963) 
Starr and Price (1962) 
Hendrie et al. (1958), Price 
Nichols (1960) 
Henning(1950) 
EXFOR data point 
(1964) 
"
atC(nft,y)/mb 
3.875 
3.785 
3.507 
3.50 
3.775 
3.65 
3.85 
3.50 
3.72 
3.83 
3.44 
3.57 
3.278 
3.80 
(0.Í6) 
(oís; 
(oís; 
(0.30) 
(0.15) 
(0.06) 
(0.08) 
(0.03) 
(0.10) 
,2C(nft,y)/mb 
3.90 
3.81 
3.53 
3.523 
3.80 
3.674 
3.875 
3.523 
3.745 
3.855 
3.463 
3.594 
3.30 
3.825 
(0.06; 
(0.11) 
(0.07) 
(0.40) 
(0.15) 
Method 
Prompt y-ray 
Prompt y-ray 
Prompt y-ray 
Prompt y-ray 
Prompt y-ray 
Pile oscillator 
Pile oscillator 
Pile oscillator 
Pulsed neutrons 
Pulsed neutrons 
Diffusion length 
Reactivity 
Mass spectrometry 
-
EXFOR entry 
-
-
12744.003 
10997.002 
11133.004 
11290.006 
22552.002 
11351.002 
22516.002 
11272.002 
11278.002 
11290.006 
-
22545.002 
2. Experimental and evaluated data for neutron induced 
reactions in carbon 
In this section, experimental data for the neutron induced cap-
ture cross section of 12C and natC reported in the literature and/or 
stored in the EXFOR library (Otuka et al., 2011) are discussed. In 
addition, the natC(n,y) cross sections recommended in JEFF-3.1.2, 
JENDL-3.3, JENDL-4.0, ENDF/B-VI.l and ENDF/B-VII.l are reviewed 
and compared. The origin of these cross sections is verified in order 
to clarify the differences between them. The data are summarised 
in Tables 1-3 and represented in Figs. 1-3. TheJANIS tool (Soppera 
et al., 2011) was used to retrieve the data from EXFOR and the eval-
uated data libraries. 
2.1. Experimental data 
2.1.1. Thermal neutron induced capture cross section 
Experimental cross section data reported in the literature for 
the thermal neutron induced capture cross section of natC and 
12C, natC(ntfl,y) and 12C(ntfl,y), are listed in Table 1 and shown in 
Fig. 1. The data are grouped by the measurement methodology. 
The list is based on a compilation of experimental data by Mug-
habghab (2003) and Firestone and Révay (2011). In Table 1, the 
values for both natC(ntfl,y) and 12C(ntfl,y) are given. To derive the 
value for natC(ntfl,y) from 12C(ntfl,y) (and vice versa), a ratio of 
natC(nth,y)/12C(nth,y) = 0.99345 ±0.00050 is used. This ratio is 
based on the representative isotopic composition of natC given by 
Rosman and Taylor (1998) and the capture cross-section ratio 
13C(nth,y)/12C(nth,y) = 0.388 ±0.010 determined by Mughabghab 
et al. (1982). The value for ID = 2 in Table 1 has been derived by 
Firestone and Révay (2011) from the partial capture cross section 
data reported by Matsue and Yonezawa (2004). 
In Fig. 1, the 12C(ntfl,y) cross section value of 3.53 ±0.07 mb sug-
gested by Mughabghab (2003), Said (2006) and 3.84 ± 0.06 mb rec-
ommended by Firestone and Révay (2011) are also shown. As 
noted by Firestone and Révay (2011), the values in Table 1 fall into 
two groups. One group is consistent with the value suggested by 
Mughabghab (2003), Said (2006), which is based on the result ob-
tained by Jurney et al. (1982). The other group is consistent with 
the value recommended by Firestone and Révay (2011), which is 
strongly influenced by their result obtained from prompt y-ray 
measurements at the cold neutron beam of the Budapest Neutron 
Centre using a coaxial HPGe detector with Compton suppression 
(Firestone and Révay, 2011). Partial capture cross sections were 
measured with a variety of stoichiometric carbon compounds, all 
Table 2 
An overview of experiments performed to determine the capture cross section for 
12C(n,y) and natC(n,y) as a function of neutron energy. 
Reference 
Kikuchi et al. (1998) 
Shima et al. (1995) 
Ohsaki et al. (1994) 
Nagaietal. (1991) 
Gibbons et al. (1961) 
Energy range (keV) 
550 
12-250 
12-250 
30 
65 and 167 
EXFOR entry 
-
22345.003 
23002.003 
22271.007 
11329.003 
Isotope 
1 2 C 
1 2 C 
1 2 C 
1 2 C 
nat<-
of which yielded consistent results. In this way, the impact of 
systematic effects due to flux normalisation, sample properties 
and reference cross section was largely reduced. Since the nuclear 
level scheme of 13C is well established and complete, the capture 
cross section at thermal energy can be derived from (Schillebeeckx 
et al., 2012b): (1) the sum of all partial cross sections of primary 
transitions depopulating the ground state, (2) the sum of the par-
tial capture cross sections of the transitions that feed the ground 
state, or (3) the sum of all the partial cross sections weighted with 
the energy of the transition. Using the partial cross sections pro-
vided by Firestone and Révay (2011), the results obtained by 
applying the three methods were fully consistent. 
2.1.2. Neutron induced capture cross section as a function of neutron 
energy 
Experiments to study the capture cross section as a function of 
neutron energy are rather scarce. All natC(n,y) and 12C(n,y) cross 
section data stored in the EXFOR library are summarised in Table 2 
and shown in Figs. 2 and 3. All these experiments have been per-
formed with a modest energy resolution and are limited to a max-
imum energy of 250 keV. The cross section data provided by Shima 
et al. (1995), Ohsaki et al. (1994) and Nagai et al. (1991) for 
12C(n,y) are in good agreement with each other. 
Table 3 
A comparison of the total, elastic scattering and capture cross sections at thermal 
energy as included in ENDF/B-VI.l, ENDF/B-VII.l,JEFF-3.1.2.JENDL-3.3 and JENDL-4.0. 
Cross-section 
(barns) 
<x(ntf,,tot) 
<x(ntf,,n) 
c(ntf,,Y) 
ENDF/B-
VI.l 
4.74260 
4.73924 
0.00336 
ENDF/B-
VII.l 
4.74310 
4.73924 
0.00386 
JEFF-
3.1.2 
4.74260 
4.73924 
0.00336 
JENDL-
3.3 
4.74273 
4.73920 
0.00353 
JENDL-
4.0 
4.74306 
4.73920 
0.00386 
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Fig. 1. Cross section data for the thermal neutron induced capture reaction on 12C 
presented in Table 1 as a function of its ID number. The full lines represent the 
suggested values by Said (2006) and Firestone and Révay (2011). The dashed lines 
and the error bars represent the uncertainty within one standard deviation. 
2.2. Cross section data libraries 
10u 
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Fig. 3. The capture cross sections for natC provided in the ENDF/B-VI.l and JENDL-
4.0 libraries as a function of neutron energy. Experimental energy dependent 
capture cross sections reported in the EXFOR library and listed in Table 2, are also 
presented. Note that the cross sections are multiplied by the square root of the 
incident neutron energy and for the EXFOR data the 12C cross section values are 
multiplied by a factor of 0.99345 for converting them into natC cross section values. 
The total, elastic scattering and capture cross sections at ther-
mal energy included in the latest versions of the ENDF, JEFF and 
JENDL libraries, i.e. ENDF/B-VII.l, JEFF-3.1.2 and JENDL-4.0, to-
gether with those given in JENDL-3.3 and ENDF/B-VI.l are listed 
in Table 3. The energy dependence of the capture cross sections 
in ENDF/B-VI.l and JENDL-4.0, shown in Figs. 2 and 3, illustrates 
that below 1 keV the capture cross section is supposed to be inver-
sely proportional to the square root of the neutron energy (i.e. pro-
portional to l where v is the neutron's velocity). This energy region 
is dominated by the contribution of s-wave neutrons with orbital 
angular momentum / = 0. Hence, a different thermal capture cross 
section value will directly result in a difference between the cross 
sections in the region where the \ behaviour dominates. 
The cross sections for incident neutron energy below 20 MeV in 
ENDF/B-VII.l, JEFF-3.1.2 and JENDL-4.0 originate from two differ-
ent evaluations. These are the evaluations performed for ENDF/B-
VI.l and JENDL-4.0. The former is taken over in JEFF-3.1.2 and 
the latter in ENDF/B-VII.l. 
2.2.1. ENDF/B-VI.l 
The evaluation of the natC capture cross section in ENDF/B-VI.l 
is based on the work of Fu (1990), Axton (1992), and is summarised 
by Rose and Fu (1991, p. 78-81). Two different regions are consid-
ered to evaluate the energy dependence: 
• For incident neutron energies En < 1 keV, the cross section fol-
lows a \ dependence which is normalised to a thermal capture 
cross section of 3.36 mb. 
• In the energy region between 1 MeV and 20 MeV, the cross sec-
tion is derived from inverse reaction data reported by Cook 
(1957). 
The uncertainty below 1 keV is 3%. However, no reference or 
explanation is given related to the origin of the cross section er(ntfl,-
y) = 3.36 mb at thermal energy. There is also no link between this 
value and the experimental data listed in Table 1. In addition, in 
the region between 1 keV and 1 MeV the energy dependence is 
not defined and the values in the file appear unphysical. 
10 
10u 
» 10" 
5 io": 
C 
O •: 5 io-
0) 
u> 10"" 
2 
10"£ 
10" f 
10"7 
Ü T.Shima, 1995 >-—»• 
T.Ohsaki, 1994 i - • 
Y.Nagai, 1991 i—«• 
J.H.Gibbons, 1961 i—• 
T.Kikuchi, 1 
JENDL-4.0 total 
JENDL-4.0 (n,y) 
ENDF/B-VI.1 total 
ENDF/B-VI.1 (n,y) 
10"5 10"4 10"3 10"2 10"1 10° 101 102 103 104 105 106 107 
Incident neutron energy / eV 
Fig. 2. A comparison of the total and capture cross section for natC as given in ENDF/ 
B-VI.l and JENDL-4.0 data libraries as a function of incident neutron energy. The 
experimental data presented in Table 2 are also shown, multiplying the experi-
mental 12C cross section data by the 0.99345 for converting to natC cross section 
values. The total cross sections of both libraries are presented for comparison with 
the capture cross sections. 
2.2.2. JENDL-4.0 
The energy dependence of the capture cross section in JENDL-
4.0 is divided in three regions: 
• Below 100 eV, the cross section follows a \ dependence norma-
lised to a thermal capture cross section of er(ntfl,y) = 3.86 mb 
based on (Firestone et al., 2008). 
• Between 100 eV and 5 MeV, reference is made in the descrip-
tion of the file to a private communication without any further 
explanation. 
• In the region between 5 MeV and 20 MeV, the cross section is 
derived from the inverse reaction data reported by Cook (1957). 
The uncertainty on the capture cross section for neutron ener-
gies below 1 keV is 5%. The energy dependence in Fig. 2 shows that 
the experimental data listed in Table 2 (Shima et al., 1995; Nagai 
et al., 1991; Ohsaki et al., 1994) have been taken into account in 
the evaluation process to include the contribution of the compo-
nents with an orbital angular momentum / > 1. The comparison 
of the capture cross sections in Fig. 3 reveals that only the 
JENDL-4.0 evaluation reflects the current status of the available 
experimental data. 
3. Criticality calculations for the BRl reactor 
3.1. Description of the BRl reactor 
The BRl reactor (Wagemans et al., 2009) is an air-cooled, graph-
ite moderated reactor operating on natural uranium fuel. Its first 
criticality was obtained in May 1956. It has been used and is cur-
rently used for neutron physics experiments, neutron irradiations, 
training of nuclear engineers and reactor operators and calibration 
of detectors. 
The reactor is made up of a matrix of graphite blocks, with 829 
channels as presented in Fig. 4. Of these channels, 552 are loaded 
with fuel, yielding a total load of about 25 tons of natural uranium. 
The fuel rods are made of metallic natural uranium contained in an 
aluminium cladding. The graphite present in the reactor has two 
different compositions: the graphite in the core ("Type A graphite") 
and the graphite of the reflector ("Type B graphite"). 
Its nominal thermal power is 4 MW but since the 1970s it has 
operated on a daily basis at a maximum power of 700 kW with a 
peak thermal flux of 3.5 x 10 n n/(cm2 s). So-called "power-runs" 
at 1 MW are possible but are limited to a couple of hours. Since 
the reactor has been operating at low power for most of its life-
time, the burn-up of the (still first core) fuel is very small (i.e. less 
than 0.3 MWd/kg U). 
3.2. BRl reactor models 
For different applications in this reactor, detailed neutron flux 
calculations are required e.g. to complement activation measure-
ments or to estimate irradiation times more accurately. In order 
to respond to these needs, a full model within the MCNPX-2.7e 
code (Pelowitz, 2008) has been developed for the reactor and val-
idated against experimental results. In conjunction with the JEFF-
3.1.2 and ENDF/B-VII.l libraries, this code is used as a reference 
neutronic analysis tool. 
The aim of the present study is to assess which cross section li-
brary for natC produces a feeff value closest to unity using the full 
MCNP model for a critical configuration of the BRl reactor. The 
main characteristics of the model for the BRl reactor are summa-
rised below. 
• The used fuel is modelled calculating its elemental and isotopic 
composition from its first criticality up to now by using the 
ALEPH2 code (Stankovskiy and Van den Eynde, 2012) taking 
into account the power history of the reactor. However, due 
to the low operating power, the effect of the burn-up on fceff is 
negligible. 
r : ): .... :. :: J 
• No temperature distribution in the reactor is taken into account, 
so average values are used. 
• The two different types of graphite, Type A and Type B, are mod-
elled; however, we assume no variations of either densities or 
impurities between blocks of the same type (see Table 4). 
• Impurities present in the graphite are modelled as an equivalent 
boron content. Due to the nature of the impurities present in 
the graphite (and their neutron absorption cross sections), their 
presence will have an important impact on the outcome of crit-
icality calculations. Fortunately, thanks to characterisation 
experiments, the concentrations of these impurities are rather 
accurately know for Type B graphite, but that is not the case 
for Type A graphite. Simulations have shown that modelling 
only the impurities in graphite of Type B results in a difference 
of 150 pcm in keff. Including only the impurities in Type A 
graphite provokes a difference of 950 pcm. The observed differ-
ences in feeff, presented later in Tables 5 and 6, remain the same 
even without modelling the impurities. 
• The 18 control rods of BRl are modelled. They consist of cadmium 
shell in an aluminium cladding with an active height of 1700 mm. 
Two different reactor states, Cold Zero Power (CZP) and Hot Full 
Power (HFP), are considered in this study. The characteristics of 
these states are described below. 
3.2.1. CZP state 
This state represents the start-up of the BRl reactor when a 
subcritical approach is followed. In order to start up the reactor, 
the control rods are removed step-by-step to gradually reach crit-
icality. The integral control rod worth is around 160 pcm per rod 
on average. By analysing the count rate in neutron detectors and 
comparing these values to the values obtained in previous steps, 
the position of the control rods required to obtain criticality can 
be estimated. This process allows a safe approach to criticality 
without a risk of surpassing and hence producing a divergence of 
neutron flux and power. 
When the reactor becomes critical, there is not yet enough fis-
sion power produced to induce any temperature increase in the 
system. The BRl reactor produces about 200 W of thermal power 
at criticality after such a subcritical approach. As a result, the 
whole reactor can be considered in cold conditions with a well-de-
fined constant temperature. 
From the modelling point of view, this state is easy to model 
since the model does not need to take into account a temperature 
field and related consequences like Doppler broadening of U-238 
resonances, a spectrum shift or thermal expansion of materials. 
By putting the exact axial position of the control rods (typically 
an insertion of 190 cm) from the reactor at the CZP state into the 
Fig. 4. At the left, the generic loading pattern of BRl, where the channels with fuel are filled in black. At the right, a patch of stacked graphite block with the fuel presented as 
red rods. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Table 4 
Characteristics of the two different types of graphite implemented in the BRl model for MCNP. 
Type A graphite 
Type B graphite 
Density (g/cm3) 
1.7233 
1.6212 
Temperature 
CZP (K) 
300 
300 
HFP (K) 
350 
300 
Impurities 
Boron equivalent (ppm) 
0.50 
1.60 
Observations 
Inner core - moderator 
Peripheral - reflector 
model, we have a model that should be as close as possible to the 
reality of the reactor at this state. Comparing the calculated value 
of feeff to the reference experimental value fceff = 1.00000, we can as-
sess the quality of the model and nuclear data files used. 
3.2.2. HFP state 
This state represents the BRl reactor working at 700 kW ther-
mal power. The control rod position is typically 150 cm insertion 
at this state. To create a reference configuration for the calculation 
model, the control rod height is fixed at the same height as in the 
experiment and the equivalent boron concentration in the Type A 
graphite is adjusted to reach a fceff value very close to unity in the 
simulation. This allows us to mimic the critical system without 
taking much trouble in exactly modelling the temperature field 
and its consequences. 
The original equivalent content of boron in the Type A graphite 
was 0.38 ppm. In order to reach a value for fceff very close to unity 
this value was tuned to 0.50 ppm when using the ENDF/B-VII.l li-
brary. Using this value of impurities within the CZP state model, a 
feeff close to unity is still obtained (feeff = 0.99975 ± 0.00004). 
cross sections intersect, i.e. a = 16.37633 u.b at E= 1.4056 keV. 
The changes done in the JEFF-3.1.2 file of natC are indicated in Fig. 5. 
3.3.1. BRl pin-cell model 
Before tackling the full BRl model, first a pin-cell model has 
been analysed. In this model, a single fuel channel of the BRl reac-
tor is modelled in an infinite lattice with a repeat pitch of 18 cm. By 
modifying the pitch of the pin-cell, one can analyse the effect of the 
fuel to moderator ratio. The pitch value is varied from 8 cm to 
36 cm taking steps of 2 cm. The natU/graphite weight ratio is calcu-
lated for all the cases. 
Three sets of calculations have been performed: (i) using JEFF-
3.1.2 for all nuclei (as the reference case), (ii) using the ENDF/B-
VII.l file for natC, and (iii) using our modified JEFF-3.1.2 file for natC. 
The results are presented in Fig. 6. They show that the differences 
between the results obtained using different libraries increase with 
decreasing natU/graphite weight ratio. It is important to note that 
the difference obtained for the real value of the BRl pin-cell pitch 
is -1011 pcm when using ENDF/B-VII.l (-992 pcm when using the 
modified JEFF-3.1.2 file). 
3.3. BRl criticality calculations and results 
We have run calculations mainly with two libraries, JEFF-3.1.2 
and ENDF/B-VII.l, and a modified version of the former. In this 
modified version, the thermal cross section of the (n,y) reaction 
is replaced by the one from the ENDF/B-VII.l library because we 
expect only the \ component of the natC file to be of importance. 
In order not to perturb the original JEFF-3.1.2 file too much, we 
used the same interpolation rule and number of interpolation 
points as in the original file. We assumed the cross-over point to 
be the point where the original JEFF-3.1.2 and ENDF/B-VII.l (n,y) 
3.3.2. Full BRl reactor model 
As a first step, we performed some perturbation calculations for 
the BRl reactor model at HFP using MCNPX-2.7e by applying PERT 
cards. This technique allows the user to estimate changes in tallies 
or feeff values as a result of user-defined perturbations. These per-
turbations can be in cell material density, cell composition or cross 
section data. Multiple perturbations can be defined and analysed 
within the same run, reducing the calculation time needed. 
For our perturbation analysis, we used the JEFF-3.1.2 cross sec-
tion library as a reference and applied two perturbations: 
Table 5 
Summary of the kefr values from the criticality calculations done for BRl at CZP. The difference from the keff value of the JEFF-3.1.2 calculation, Afceff ¡em\2, and the difference from 
kefr= 1.00000, Akeff exp, is also given. 
Case 
CZP-1 
CZP-2 
CZP-3 
CZP-4 
CZP-5 
CZP-6 
Base file 
JEFF-3.1.2 
JEFF-3.1.2 
JEFF-3.1.2 
ENDF/B-VII.l 
ENDF/B-VII.l 
ENDF/B-VII.l 
n a tC(n,y)(£„<lkeV) 
JEFF-3.1.2 
ENDF/B-VII.l 
JEFF-3.1.2 modified 
ENDF/B-VII.l 
JEFF-3.1.2 
JEFF-3.1.2 modified 
n a tC(n,y)(£„5S 
JEFF-3.1.2 
ENDF/B-VII.l 
JEFF-3.1.2 
ENDF/B-VII.l 
JEFF-3.1.2 
JEFF-3.1.2 
1 keV) keff 
1.00904 ±0.00005 
0.99791 ± 0.00004 
0.99798 ± 0.00004 
0.99857 ± 0.00004 
1.00977 ±0.00004 
0.99874 ± 0.00004 
Akeff, jeff312 
-
-1103 
-1096 
-1038 
+72 
-1021 
(pcm) Akeff, exp (pcm) 
+904 
-209 
-202 
-143 
+977 
-126 
Table 6 
Summary of the keff values of the criticality calculations done for BRl at HFP. The difference from the ket 
keB=1.00000, Akeff exp, is also given. 
value of the JEFF-3.1.2 calculation, Akei 2, and the difference to 
Case Base file "C(n,y)(£„<lkeV) "C (n,y) (£„ s= 1 keV) Afieff, jefB12 (PCm) Akeff, exp (pcm) 
HFP-1 
HFP-2 
HFP-3 
HFP-4 
HFP-5 
HFP-6 
JEFF-3.1.2 
JEFF-3.1.2 
JEFF-3.1.2 
ENDF/B-VII.l 
ENDF/B-VII.l 
ENDF/B-VII.l 
JEFF-3.1.2 
ENDF/B-VII.l 
JEFF-3.1.2 modified 
ENDF/B-VII.l 
JEFF-3.1.2 
JEFF-3.1.2 modified 
JEFF-3.1.2 
ENDF/B-VII.l 
JEFF-3.1.2 
ENDF/B-VII.l 
JEFF-3.1.2 
JEFF-3.1.2 
1.00999 ±0.00004 
0.99862 ± 0.00004 
0.99880 ± 0.00004 
0.99944 ± 0.00004 
1.01066 ±0.00004 
0.99958 ± 0.00004 
-
-1126 
-1108 
-1045 
+66 
-1031 
+999 
-138 
-120 
-56 
+1066 
-42 
1.000000-5 1.710200-1 1.000000-3 1.710200-2 2.530000-2 3.360000-3 600 3102 4 
1.000000-1 1.710200-3 1.000000+1 1.710200-4 1.000000+3 1.710200-5 600 3102 5 
1.000000-5 1.941545-1 1.000000-3 1.941545-2 2.530000-2 3.860000-3 600 3102 4 
1.000000-1 1.941545-3 1.000000+3 1.941545-5 1.405600+3 1.637633-5 600 3102 5 
Fig. 5. Differences between the original JEFF-3.1.2 natC file (black) and the modified (blue) for the natC(n,/l) cross section definition in MF = 3, MT = 102. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. keff values obtained for the BRl pin-cell model as a function of the U/graphite weight ratio when using the JEFF-3.1.2, ENDF/B-VII.l and modified JEFF-3.1.2 cross 
section files for natC. JEFF-3.1.2 was used for all other elements. All these calculations are within 11 pcm of uncertainty due to counting statistics in the Monte Carlo 
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Fig. 7. Relative difference in kelr between the results using the cross section library 
of natCfrom ENDF/B-VII.l (reference) and JEFF-3.1.2, for a critical sphere of uranium 
(pure 235U) carbide with a diameter of 21.7 cm surrounded by a solid natC external 
reflector sphere. For all other nuclei the ENDF/B-VII.l library was used. The 
difference is given as a function of the amount of natC in the reflector sphere. 
region, despite the large difference introduced into the cross sec-
tion files between 5 keV and 5 MeV. 
In order to eliminate the possible effect of the thermal scatter-
ing library S(a,/¡), two additional calculations are performed. Using 
the JEFF-3.1.2 library for all nuclei, the difference in fceff between 
using the thermal scattering library for graphite from JEFF-3.1.2 
and ENDF/B-VII.l is found to be negligible, i.e. not larger than 
45 pcm. 
Finally, six criticality calculations are carried out for CZP (results 
in Table 5) and HFP (results in Table 6) in order to show the effect 
of changing the natC(n, y) cross section library. All the calculations 
presented above use the same thermal scattering library for 
graphite. 
The results presented in Tables 5 and 6 clearly show that the 
thermal capture cross section value for natC has an impact of above 
1000 pcm on the fceff calculations for a reactor such as BRl. They 
also demonstrate that there is a better agreement between exper-
iment and calculations when using the (n, y) cross section for natC 
present in ENDF/B-VII.l compared to JEFF-3.1.2. 
1. Increase of the (n, y) cross section by 14.88% in the energy range 
from 10~5 eV to 1 keV; this is equivalent to changing the nor-
malisation point of the \ component from 3.36 mb (JEFF-3.1.2) 
to 3.86 mb (ENDF/B-VII.l). 
2. Increase of the (n,y) cross section by 150% in the energy range 
from 50 keV to 1 MeV. 
These two perturbations allow us to analyse the sensitivity of 
fceff to the natC cross section in two different energy regions. 
The result for the first perturbation shows a difference of 
Afceff=-1211 pcm for a fceff= 1.01227 ±0.00010. For the second 
perturbation, no variation of the fceff value is obtained. This shows 
that the differences between results obtained for the BRl criticality 
calculations using the natC(n,y) cross section included in 
ENDF/B-VII.l and JEFF-3.1.2 are only sensitive to the thermal 
4. Benchmark studies 
To validate the importance of the thermal capture cross-section 
of natC in graphite-moderated reactors, some benchmark studies 
are reviewed and performed. 
In contrast to our experience with BRl criticality calculations, 
calculations (Snoj et al., 2012a) for the TRIGA reactor at the Jozef 
Stefan Institute showed little impact on the fceff value when chang-
ing the natC cross section from the one included in JEFF-3.1.2 to the 
one included in ENDF/B-VII.l. Since this reactor uses graphite only 
as reflector and not as core moderator, the fuel/graphite weight ra-
tio is very high. It became apparent that this ratio would play a 
strong role in the sensitivity to the natC cross section. Since the dif-
fusion length is larger than the dimensions of the graphite reflec-
tor, the probability of the neutrons entering the reflector to be 
9 10 11 12 13 14 15 16 17 18 19 2021 22232425262728 
Case number 
Fig. 8. kefr values obtained for every case of the LEU-COMP-THERM-060 (LCT60) benchmark and the difference in /ieff between calculations using the cross section library for 
natC from JEFF-3.1.2 and ENDF/B-VII.l. For all other nuclei the JEFF-3.1.2 library was used. 
absorbed in graphite is relatively small; most of them are either 
reflected back to the core or escape from the system. Furthermore, 
the fraction of neutrons entering the reflector is limited; it is signif-
icantly lower compared to the fraction of neutrons in contact with 
graphite in graphite moderated reactors. Therefore, we expect the 
sensitivity of the multiplication factor in water-moderated graph-
ite-reflected reactors like TRIGA on the carbon thermal capture 
cross section to be small as corroborated by the calculations cited 
above, where the change in keff when substituting the natC cross 
section file from JEFF-3.1 to ENDF/B-VII.l is within the 16pcm 
uncertainty due to counting statistics in the Monte Carlo 
calculations. 
A criticality calculation for a sphere of uranium carbide with a 
critical diameter of 21.7 cm surrounded by a sphere of natC was 
performed. The criticality calculations were done using the 
ENDF/B-VII.l cross section library and with a varying amount of 
natC in the external sphere. These calculations were repeated using 
the JEFF-3.1.2 cross section library for natC; for all other nuclei the 
ENDF/B-VII.l library was used. The difference in keff due to this 
change of library in natC was calculated as a function of the amount 
of natC in the external sphere. The results, presented in Fig. 7, indi-
cate that the difference becomes substantial when the mass of the 
natC sphere is of the order of several tons, which is the case for BR1, 
but not for the TRIGA reactor at JSI. 
Next, a first benchmark from the ICSBEP Handbook (NEA Nucle-
ar Safety Committee, 2010), HEU-COMP-THERM-002 (HCT02) was 
analysed looking at the effect of changing the natC cross section li-
brary from JEFF-3.1.2 to ENDF/B-VII.l. In this benchmark experi-
mental data are available for an NRX-A type fuel element which 
houses pyrolytic-graphite coated uranium-dicarbide spherical 
beds in a graphite matrix. These fuel elements were then placed 
in a water environment until criticality was reached. Since the 
amount of graphite is relatively small, differences smaller than 
150 pcm in feeff were observed when comparing results obtained 
with the different libraries. 
As a second benchmark from the ICSBEP Handbook, the LEU-
COMP-THERM-060 (LCT60) benchmark was selected. It is based 
on an experimental RBMK reactor (a uranium-graphite reactor) 
which has a large amount of natC in the form of graphite. Clearly, 
one expects that the differences due to switching the natC cross sec-
tion library from JEFF-3.1.2 to ENDF/B-VII.l will be larger than for 
the HCT02 benchmark. Fig. 8 proves this as the differences in fceff 
range from -600 pcm to -1100 pcm. 
5. Conclusions 
Because of the discrepancies found between the calculated val-
ues for feeff using the reference MCNP/X model of the BR1 reactor 
using JEFF-3.1.2 and ENDF/B-VII.l, we performed an in-depth anal-
ysis to pinpoint the origin of these differences. This analysis 
showed that the (n, y) cross section from the natC library file was 
the culprit. 
Detailed analysis of the natC library files revealed several incon-
sistencies in the cross section files themselves. Two serious issues 
were identified in the JEFF-3.1.2 file: a different and not referenced 
normalisation value for the \ law applied in the thermal region and 
a non-physical behaviour for the epithermal region. 
Neutronic calculations for different models of the BR1 reactor 
were carried out. By using the PERT card approach in MCNP/X, it 
was shown that the difference in normalisation for the 1 law in 
V 
the thermal neutron energy region was solely responsible for the 
difference between the libraries. The anomalous behaviour of the 
JEFF-3.1.2 cross section for the epithermal region had no influence 
at all. 
For the BR1 pin-cell model, a difference of about 1000 pcm is 
obtained between results using the JEFF-3.1.2 and ENDF/B-VII.l 
or modified JEFF-3.1.2 files for natC for the case where the fuel to 
graphite weight ratio is representative of the BR1 situation. It 
shows that for small values of the natU/graphite weight ratio for 
graphite-moderated reactors the differences between results ob-
tained using different values for the natC thermal capture cross sec-
tion are important. 
For the full model of BR1 at Cold Zero Power and Hot Full Power, 
again a difference of about 1000 pcm is observed between results 
obtained with ENDF/B-VII.l and JEFF-3.1.2. As presented before, 
these differences are mainly due to the part of capture cross sec-
tion that is dominated by the \ component, which is normalised 
to the cross section at thermal neutron energy. 
For both states (CZP and HFP), there is a good agreement be-
tween the experimental result and the result of calculations using 
the cross section data in ENDF/B-VII.l. Since the cross section data 
for natC in ENDF/B-VII.l are taken from JENDL-4.0, this confirms 
previous results reported for HTTR. Hence, it provides an additional 
argument for a re-evaluation of the capture cross section of 12C in 
the JEFF-3.1.2 library taking into account the value er(ntfl,y)= 
3.84 ± 0.06 mb recommended by Firestone and Revay (2011) 
for 12C. 
Finally, using the two cross section libraries JEFF-3.1.2 and 
ENDF/B-VII.l, it was shown that a certain minimum amount of 
graphite mass is needed to have a pronounced influence from the 
difference in cross section library for natC. This has been illustrated 
by a number of benchmark studies of graphite systems. This min-
imum amount is reached typically for reactors that use graphite 
both as core moderator and as reflector material, as the BR1 reactor 
at SCK.CEN. 
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